The piezoelectric ringing phenomenon in Pockels cells based on the beta barium borate crystals was analyzed in this work. The investigation results show that piezoelectric ringing is caused by multiple high voltage pulses with a frequency in the range from 10 kHz up to 1 MHz. Experimental investigation of frequency response and Discrete Fourier transformation was used for analysis. The method of piezoelectric ringing investigation based on the analysis of difference of real and simulated optical signals spectrums was proposed. The investigations were performed for crystals with 3 × 3 × 25 mm, 4 × 4 × 25 mm and 4 × 4 × 20 mm dimensions. It was estimated that piezoelectric ringing in the beta barium borate crystal with dimensions of 3 × 3 mm × 25 mm occurred at the 150, 205, 445, 600 and 750 kHz frequencies of high voltage pulses.
and fall time of the high voltage pulse that is applied to the modulator. The required amplitude of the pulse for operation of any type of Pockels cell depends on the material, dimensions of the crystal and wavelength of the laser beam that travels through the Pockels cell crystal [16, 17] .
There are two types of Pockels cells: transverse and longitudinal [8] . For longitudinal Pockels cells, half-wave voltage (amplitude of pulse, at which the laser beam polarization has been rotated by 90 • ) may vary from 4kV to 10 kV [18] . For transverse Pockels cells, half-wave voltage varies between 1 kV and 8 kV [19, 20] . Pockels cell rise/fall time depends on two factors: capacitance of the crystal and applied voltage rise/fall time. In order to achieve a shorter duration of rise/fall time of the Pockels cell, it is necessary to decrease the values of these parameters. The capacitance is determined by the dimensions and material of the crystal; therefore, the main way for the reduction of the rise/fall time of Pockels cell is improvement of the electronics of the high voltage driver. There are only a few usable concepts for high voltage driver design: metal-oxide-semiconductor field-effect transistors (MOSFET) or bipolar avalanche transistors connected in series [21] . The high voltage drivers based on the MOSFETs connected in series provide the laser beam modulation frequency up to 1 MHz with the 30 ns rise/fall time of pulse and adjustable pulse width [22] [23] [24] [25] [26] [27] . The bipolar avalanche high voltage drivers allow us to achieve rise time from 7 ns down to 240 ps [28] [29] [30] [31] [32] [33] [34] [35] . However, the fall time of the pulse generated by the bipolar avalanche high voltage drivers may be 10 times longer than the rise time of the pulse. Another drawback is that practically, it is not possible to adjust the pulse width. The highest width of high voltage pulse is around 7 ns [35] and the highest achieved frequency is 200 kHz [28] .
Pockels cells are characterized by higher contrast ratio and shorter duration of rise/fall time in comparison with the acousto-optic modulators. However, the high voltage pulses with the short rise/fall duration can cause piezoelectrical ringing that induces acoustic waves in Pockels cell crystal. If acoustic waves are not suppressed, they are reflected back inside of the Pockels cell crystal. This phenomenon introduces the elasto-optic effect, which can cause the reduction of Pockels cells contrast ratio [11, [36] [37] [38] [39] . This effect has to be investigated in order to find the ways how to reduce the impact of the piezoelectric ringing on the contrast ratio. The beta barium borate (BBO) crystals are usually used for the implementation of Pockels cells. There are many works dedicated to the analysis of effects in BBO crystals, e.g., [11, [40] [41] [42] [43] . However, the piezoelectric ringing phenomenon in Pockels cells with BBO crystals was mentioned in merely one research [11] and there are none dedicated to the analysis of high voltage pulse frequency impact on piezoelectric ringing phenomenon.
The investigation results of piezoelectric ringing of the Pockels cells with BBO crystals that operate in high voltage pulse frequency range from 10 kHz up to 1 MHz are presented. The method of the piezoelectric ringing investigation based on the spectrum analysis of difference of real and simulated optical signals is proposed. The investigations are performed for the crystals with 3 × 3 × 25 mm, 4 × 4 × 25 mm and 4 × 4 × 20 mm dimensions.
Investigation Procedure
Pockels cells based on the BBO crystals were investigated experimentally. A block diagram of simplified single pass contrast ratio measurement setup is given in Figure 1 . A 1064 nm wavelength diode-pumper solid state (DPSS) laser with 1.5 mm beam diameter and 2 W power was used in this setup. Half-wave plate with antireflective (AR) coating at 1064 nm was used to alter beam polarization of the DPSS laser. Glan-Taylor polarizing prism was selected for its high extinction ratio, which is higher than 100,000:1 [44] . This prism is used in order to let through only the p-polarized beam. The optical attenuator in combination with half-wave plate was employed in order to adjust the power and to avoid the saturation of photodetector. Laser beam from the first Glan-Taylor polarizing prism travels through the Pockels cell and after that to the second Glan-Taylor prism. The light intensity was detected via a high-speed Si photodetector (DET10A/M, Thorlabs, Newton, NJ, United States, 2013). It must be noted that the phases of the first and the second Glan-Taylor polarizing prisms were mutually turned by 90 • , i.e., the second Glan-Taylor polarizing prism was used as an analyzer. High voltage pulses from bipolar high voltage driver were supplied to the Pockels cell. When the voltage was applied to the Pockels cell, the output signal of the photodetector became high. When no voltage was applied to the Pockels cell, photodetector output signal was low. Oscilloscope sampled the voltage on the output of the photodetector and captured the oscillograms. The intensity of the laser beam that was recorded by the photodetector can be calculated by [45] :
where I0 is the intensity of incident light and Γ is phase retardation, which is calculated using equation:
where L is the crystal length, no is the refractive index, rij is the electro-optic coefficient, V is the voltage applied, λ is the wavelength of the laser beam and d is the crystal thickness. Contrast ratio was calculated using the intensity value of optical signal, which was captured by the oscilograms, applying equation [46] :
where: High voltage pulses from bipolar high voltage driver were supplied to the Pockels cell. When the voltage was applied to the Pockels cell, the output signal of the photodetector became high. When no voltage was applied to the Pockels cell, photodetector output signal was low. Oscilloscope sampled the voltage on the output of the photodetector and captured the oscillograms. The intensity of the laser beam that was recorded by the photodetector can be calculated by [45] :
where I 0 is the intensity of incident light and Γ is phase retardation, which is calculated using equation:
where L is the crystal length, n 0 is the refractive index, r ij is the electro-optic coefficient, V is the voltage applied, λ is the wavelength of the laser beam and d is the crystal thickness. Contrast ratio was calculated using the intensity value of optical signal, which was captured by the oscilograms, applying equation [46] :
where:
where U d (t) is the voltage of photodetector, t 0 is moment at which the optical pulse starts, t pw is the width of optical pulse and t p is the period of the pulses. I max and I min are the average of maximum and minimum intensity of the optical signal in the input of the photodetector.
The contrast ratio of Pockels cells was measured in the high voltage pulse frequency range 10 kHz up to 1 MHz. Oscilloscope data were sampled and the frequency was changed with the step of 3 kHz automatically via software developed by the authors.
Measurements were performed for the the BBO Pockels cell crystals with the following dimensions:
Investigation Results
Photodetector signal oscilograms for Pockels cells with BBO crystals of 3 × 3 × 25 mm, 4 × 4 × 25 mm and 4 × 4 × 20 mm dimensions were captured at high voltage pulses in ranges from 10 kHz to 1 MHz with 3 kHz steps. Photodetector signal for Pockels cell with 3 mm × 3 mm × 25 mm BBO crystal is presented in Figure 2 . Additionally, the simulated square wave signal of photodetector is presented in Figure 2 . The simulation was performed using LabVIEW software (National Instruments, Austin, TX, United States, 2016) the model used for simulation did not take into account the piezoelectric ringing phenomenon of the Pockels cell crystal. where Ud(t) is the voltage of photodetector, t0 is moment at which the optical pulse starts, tpw is the width of optical pulse and tp is the period of the pulses. Imax and Imin are the average of maximum and minimum intensity of the optical signal in the input of the photodetector. The contrast ratio of Pockels cells was measured in the high voltage pulse frequency range 10 kHz up to 1 MHz. Oscilloscope data were sampled and the frequency was changed with the step of 3 kHz automatically via software developed by the authors.
• 3 mm × 3 mm × 25 mm Figure 2 . Additionally, the simulated square wave signal of photodetector is presented in Figure 2 . The simulation was performed using LabVIEW software (National Instruments, Austin, TX, United States, 2016) the model used for simulation did not take into account the piezoelectric ringing phenomenon of the Pockels cell crystal. The photodetector signal was close to the simulated square wave signal, just at the 180 kHz high voltage pulse frequency (Figure 2b ). This showed that the piezoelectric ringing did not occur at the 180 kHz frequency. However, in all other oscillograms that are presented in Figure 2 , optical signal was distorted as compared to the simulated square wave signal. Distortion of the photodetector signal was the consequence of the piezoelectric ringing phenomenon. Oscilograms presented in Figures 2a,c-f show that the period of oscillations caused by the piezoelectric ringing phenomenon depended on the high voltage pulse frequency. The highest distortion of the optical signal was recorded at the 600 kHz high voltage pulse frequency (Figure 2e ). This happens because the frequency of the piezoelectric ringing coincided with the frequency of high voltage pulses in this situation and, therefore, some resonance occurred.
The signals caused by the piezoelectric ringing oscillations at 150 kHz, 205 kHz, 445 kHz, 600 kHz and 750 kHz frequencies were analyzed using discrete Fourier transform (DFT):
where n = 0,1,2, …, N-1, x is input sequence, N is the number of elements of x and y is the transform result. Spectrums of real and simulated photodetector signals at the 180 kHz high voltage pulse frequency obtained using DFT are presented in Figure 3a . The difference of real and simulated photodetector signal spectrums was calculated to evaluate the spectrum inequality. The result of calculation is presented in Figure 3b . This showed that spectrums of real and simulated signals were close to each other. This fact proves that no piezoelectric ringing oscillations occurred at frequencies up to 11 MHz if the high voltage pulses with 180 kHz were used for the Pockels cell control. The photodetector signal was close to the simulated square wave signal, just at the 180 kHz high voltage pulse frequency (Figure 2b ). This showed that the piezoelectric ringing did not occur at the 180 kHz frequency. However, in all other oscillograms that are presented in Figure 2 , optical signal was distorted as compared to the simulated square wave signal. Distortion of the photodetector signal was the consequence of the piezoelectric ringing phenomenon. Oscilograms presented in Figure 2a ,c-f show that the period of oscillations caused by the piezoelectric ringing phenomenon depended on the high voltage pulse frequency. The highest distortion of the optical signal was recorded at the 600 kHz high voltage pulse frequency (Figure 2e ). This happens because the frequency of the piezoelectric ringing coincided with the frequency of high voltage pulses in this situation and, therefore, some resonance occurred.
where n = 0, 1, 2, . . . , N−1, x is input sequence, N is the number of elements of x and y is the transform result.
Spectrums of real and simulated photodetector signals at the 180 kHz high voltage pulse frequency obtained using DFT are presented in Figure 3a . The difference of real and simulated photodetector signal spectrums was calculated to evaluate the spectrum inequality. The result of calculation is presented in Figure 3b . This showed that spectrums of real and simulated signals were close to each other. This fact proves that no piezoelectric ringing oscillations occurred at frequencies up to 11 MHz if the high voltage pulses with 180 kHz were used for the Pockels cell control.
The differences of real and simulated photodetector signal spectrums calculated for the signals obtained at the 150 kHz, 180 kHz, 205 kHz, 445 kHz and 750 kHz high voltage pulse frequencies are presented in Figure 4 . The results for 600 kHz frequency are not displayed, since the subtraction result was very high, and therefore, the imaging of the graph would be worsened. The differences of real and simulated photodetector signal spectrums calculated for the signals obtained at the 150 kHz, 180 kHz, 205 kHz, 445 kHz and 750 kHz high voltage pulse frequencies are presented in Figure 4 . The results for 600 kHz frequency are not displayed, since the subtraction result was very high, and therefore, the imaging of the graph would be worsened. The differences of real and simulated photodetector signal spectrums calculated for the signals obtained at the 150 kHz, 180 kHz, 205 kHz, 445 kHz and 750 kHz high voltage pulse frequencies are presented in Figure 4 . The results for 600 kHz frequency are not displayed, since the subtraction result was very high, and therefore, the imaging of the graph would be worsened. The highest amplitudes of spectrum components obtained for 150 kHz high voltage pulse frequency were observed at 150 kHz and 450 kHz; for 205 kHz at 205 kHz with a lot of lower amplitude components, for 445 kHz at 445 kHz and 890 kHz, and for 750 kHz at 750 kHz.
The piezoelectric ringing in the Pockels cell with BBO with dimensions of 3 × 3 × 25 mm occurred if the spectrum components of the high voltage pulses were near the resonant frequencies The highest amplitudes of spectrum components obtained for 150 kHz high voltage pulse frequency were observed at 150 kHz and 450 kHz; for 205 kHz at 205 kHz with a lot of lower amplitude components, for 445 kHz at 445 kHz and 890 kHz, and for 750 kHz at 750 kHz.
The piezoelectric ringing in the Pockels cell with BBO with dimensions of 3 × 3 × 25 mm occurred if the spectrum components of the high voltage pulses were near the resonant frequencies of 445kHz, 600 kHz or 750 kHz. Therefore, the acoustic wave suppressors designed for these frequencies had to be applied.
The dependences of Pockels cell BBO crystals contrast ratio on applied high-voltage pulse frequency was obtained by processing the captured oscilograms data using the contrast ratio Equation (3). The obtained dependences of 3 × 3 × 25 and 4 × 4 × 25 mm Pockels cell BBO crystals contrast on applied high-voltage pulse frequency are presented in Figure 5 .
of 445kHz, 600 kHz or 750 kHz. Therefore, the acoustic wave suppressors designed for these frequencies had to be applied.
The dependences of Pockels cell BBO crystals contrast ratio on applied high-voltage pulse frequency was obtained by processing the captured oscilograms data using the contrast ratio Equation (3) . The obtained dependences of 3 × 3 × 25 and 4 × 4 × 25 mm Pockels cell BBO crystals contrast on applied high-voltage pulse frequency are presented in Figure 5 . The obtained results for Pockels cell with 3 × 3 × 25 mm BBO crystal show that piezoelectric ringing occurred and, because of this, the contrast ratio decreased at 150 kHz, 205 kHz 445 kHz, 600 kHz and 750 kHz high voltage pulse frequencies. Spectrum analysis shows that piezoelectric ringing at the 150 kHz and 205 kHz frequencies was caused by the third harmonic of high voltage pulses. It is seen ( Figure 5 ) that resonant frequencies depended on the size of the BBO crystal aperture. The resonances of smaller crystal occurred at higher frequencies. When aperture of crystal changes from 3 to 4 mm, the lowest resonance frequency decreased by 36 kHz at the 114 kHz frequency, while for the highest resonance frequency it decreased by 195 kHz at the 550 kHz frequency.
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Discussion
The novel method of piezoelectric ringing analysis of Pockels cells with BBO crystals, which is based on the subtraction of real and simulated photodetector signals spectrums, allows us to observe spectrum components caused by the piezoelectric ringing phenomenon.
The obtained results for Pockels cell with 3 × 3 × 25 mm BBO crystal show that piezoelectric ringing occurred and, because of this, the contrast ratio decreased at 150 kHz, 205 kHz, 445 kHz, 600 kHz and 750 kHz high voltage pulse frequencies. Spectrum analysis shows that piezoelectric ringing at the 150 kHz and 205 kHz frequencies was caused by the third harmonic of high voltage pulses. The frequencies at which the piezoelectric ringing occurred depend on the size of the BBO crystal aperture. The piezoelectric ringing of smaller crystal occurred at higher frequencies. When aperture of crystal changed from 3 to 4 mm, the lowest frequency decreased by 36 kHz at 114 kHz frequency, while for the highest resonance frequency it decreased by 195 kHz at the 550 kHz frequency.
The highest distortion of the optical signal was recorded at the 600 kHz high voltage pulse frequency. This happened because the frequency of the piezoelectric ringing coincided with the frequency of high voltage pulses in this situation, and therefore, some resonance occurred.
The method for piezoelectric ringing suppression in Pockels cells with BBO crystals has to be developed to decrease the impact of this phenomenon on the contrast ratio of Pockels cell.
